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MicrotubuleStress granules (SGs) are mRNA triage sites that are formed in response to a variety of cellular stress. To
study how SGs bring about the massive spatial compartmentalization, we monitored the localization of
various RNA-binding proteins (RBPs) targeted to SGs upon exposure to stress. We discovered that
concomitant with the onset of eIF2α phosphorylation, RBPs accumulate locally in the cytoplasm, which leads
to increased inter-molecular interactions and the formation of robustly detergent-resistant foci.
Subsequently, microtubules (MTs) mediate 1) the ordered spatial organization of SGs and 2) the recruitment
of a set of nuclear-localized SG components to the cytoplasm. Meanwhile, MTs did not appear to be required
for the maintenance of SG distribution after its assembly. Our data suggest that the process of SG formation is
composed of MT-independent and -dependent pathways, which take place sequentially during stress
response.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Stress granules (SGs) are cytoplasmic foci containing scores of
proteins and RNAs that are observed in cells exposed to various types
of stress [1]. SGs are considered to sequester pre-initiation complexes
of translation produced as a result of stress-triggered depletion of
eIF2-GTP-tRNAiMet, and thus have been implicated in stress-induced
inhibition of global protein synthesis [2]. Furthermore, SGs contain
many RNA-binding proteins that regulate mRNA stability, structure
and function, such as PABP (poly (A) binding protein), HuR (Hu
antigen R), G3BP (RasGAP SH3-binding protein) and TIA-1 (T-cell
internal antigen 1), many of which are known to shuttle rapidly in and
out of SGs (reviewed by Anderson and Kedersha [1]). Given the ability
of these proteins to regulatemRNA translation and decay, SGs are now
proposed to play a role in mRNA triage in stressed cells, whereby they
dynamically sort sequestered mRNAs for re-initiation, storage or
degradation [1,3]. In addition, proteins that do not appear to be
involved in RNAmetabolism are present in SGs, such as TRAF2 (TNF-α
receptor associated factor 2) and PKP1 and 3 (plakophilins 1 and 3),
which are recruited to SGs via their association with known SG
components [4,5]. Thus, SGs may contribute to cellular metabolism
other than translational regulation.
To date, a number of molecular events are reported to be
involved in the formation of SGs, especially in mammalian cells [1].
Accumulation of abortive initiation complexes (termed non-canon-@anat3.med.osaka-u.ac.jp
ll rights reserved.ical 48S⁎ complexes) of translation, most notably caused by
phosphorylation of the initiation factor eIF2α (and subsequent
reduction of eIF2-GTP-tRNAiMet), comes ﬁrst in SG assembly [2,3,6].
Treatment with inhibitors of translation initiation, such as patea-
mine and hippuristanol has been shown to substitute eIF2α
phosphorylation in SG formation [7,8]. This process is thought to
be followed by the aggregation of SG nucleating proteins, which
have the ability to induce spontaneous SGs when overexpressed in
unstressed cells. Such nucleators of SGs include established SG
markers like TIA-1, G3BP and CPEB, which, in many cases, possess
glutamine-rich motifs that may assist in the aggregation [9–11].
Meanwhile, O-GlcNAc modiﬁcation of ribosomal subunits was
recently discovered to be essential for the incorporation of 48S⁎
complexes into SGs [12], even though it is currently not clear
whether SG nucleators and O-GlcNAc modiﬁed proteins could
interact with each other. Subsequently, other proteins that do not
nucleate SGs (e.g. PABP, HuR) or those lacking apparent RNA-
binding properties (e.g. TRAF2, PKP3) are recruited, resulting in
microscopically visible SGs. Additionally, microtubules (MTs) and
dynein motor proteins are proposed to play a role in SG formation,
mainly based on experiments using chemical inhibitors [13,14].
Previous studies demonstrate that major SG components
assemble and disassemble from SGs with similar kinetics, suggest-
ing that they are recruited in a coordinate manner during SG
assembly, possibly as a complex [15]. The process of SG assembly
was already examined in living cells using GFP-fused SG constitu-
ents [16–18]. It was revealed that SG formation begins with
simultaneous appearance of many small foci, which subsequently
fuse into larger structures, namely SGs. It is currently unclear,
however, at what stage the diverse SG components become
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correlated with the molecular events described above. To gain
insights into these issues, we decided to track the SG recruitment of
a set of RNA-binding proteins (RBPs) using time-lapse immunoﬂu-
orescence and live imaging.
2. Materials and methods
2.1. Reagents, plasmids and antibodies
Nocodazole and sodium arsenite were purchased from Sigma, and
EHNA (erythro-9-3-(2-hydroxynonyl) adenine) was from Biomol.
[35S] Methionine was purchased from PerkinElmer. The plasmid
encoding GFP-tagged G3BP was constructed by inserting full-length
G3BP cDNA into EGFP-N2 vector (Clontech), and the expression
construct for FLAG-tagged dynamitin was a kind gift fromDr. Tamotsu
Yoshimori (Osaka University). A plasmid encoding GFP-tagged CUG-
BPwas as described previously [19]. siRNA duplexes for knockdown of
CUG-BP and HuR were purchased from SigmaGenosys and their
sequences were as follows: siCUG-BP (5′-GAGCCAACCUGUUCAUCUA-
3′), siHuR (5′-AAGAGGCAATTACCAGTTTCA-3′). Antibodies used for
immunoblotting and immunoﬂuorescencewere as follows: anti-TIA-1
(Santa Cruz Biotechnology), anti-FLAG (M2; Sigma), anti-G3BP (BD
Biosciences), anti-HuR (Santa Cruz Biotechnology), anti-phospho-
eIF2α (Cell Signaling Technology), anti-β-tubulin (Sigma), anti-CUG-
BP (Sigma), and anti-O-GlcNAc (Afﬁnity BioReagents) antibodies.
Alexa-conjugated secondary antibodies were from Molecular Probes
and HRP-conjugated secondary antibodies were from Upstate.
2.2. Cell culture and transfection
HeLa cells were maintained in DMEM supplemented with 10% FCS
(Gibco-Invitrogen). Transient transfections of plasmids were per-
formed with Effectene (Qiagen), and the transfectants were cultured
overnight. siRNA transfection was performed using RNAiMAX
(Invitrogen) following the manufacturer's instructions. Arsenite
treatment was performed at a ﬁnal concentration of 0.5 mM for
30 minutes, while nocodazole treatment was performed at a ﬁnal
concentration of 6.6 μM for 2 hours.
2.3. Western blotting
Western blotting was performed essentially as described previ-
ously [19]. Unless otherwise indicated, cells grown on 35-mm dishes
were subjected to the indicated treatments and lysed in 150 μl of
Laemmli sample buffer after rinsed with PBS. Primary antibodies were
added at the dilution of 1:800, whereas secondary antibodies were
added at the dilution of 1:1000.
2.4. Metabolic labeling
HeLa cells plated onto 6-well dishes were subjected to the
indicated treatments, and then labeled for 20 minutes with 2 ml of
methionine–cysteine-free DMEM (Gibco-Invitrogen) supplemented
with 2 mM glutamine, 10% dialysed FCS and 50 μCi/ml of [35S]
methionine (NEG-772, PerkinElmer). Subsequently, cells were
washed twice with PBS and lysed in 200 μl of Laemmli sample buffer.
Proteins were resolved by SDS–PAGE, stained with Coomassie blue
and then detected with autoradiography.
2.5. Immunoﬂuorescence and in situ hybridization (ISH)
Immunoﬂuorescence was performed as described previously [19].
ISH was performed as described by Katahira et al. [20]. Brieﬂy, cells
were ﬁxedwith 3.7% formaldehyde, permeabilizedwith 0.5% Triton X-
100 on ice, washed once with 2× SSC and hybridized with Cy3-conjugated oligo-dT50 probe (Sigma Genosys) overnight. Subsequent-
ly, cells were washed with 2× SSC and 0.5× SSC and further processed
for immunoﬂuorescence. For in situ lysis, cells were rinsed with PBS,
treated with 0.2% Triton X-100 in PBS for 1×minute on ice, washed
oncewith PBS and then ﬁxedwith formaldehyde (Similar results were
obtained with more serious detergent treatment using 1% Triton X-
100 (data not shown)).
2.6. Confocal microscopy
Samples were viewed with a 63× oil-immersion PlanApo lens on
an Axiovert135 ﬂuorescence microscope (Carl Zeiss). Images were
acquired with a confocal laser scanning microscope (LSM510 Meta,
Carl Zeiss). For live imaging, images were collected every 30 seconds
(pixel time 1.28 μs, with 4× averaging) with the laser power set at 2%
of 25 mW argon ion laser (488-nm line). For the quantiﬁcation of
ﬂuorescence intensity, LSM software (Zeiss) was used. Total amount
of ﬂuorescence in individual nuclei and cells was calculated by
multiplying the area of each compartment by the average ﬂuores-
cence intensity minus background ﬂuorescence. Subsequently, the
nuclear-to-total cellular ﬂuorescence ratio was determined, which
was repeated for 20 cells in three independent experiments. For
quantitative analysis, cells immunostained singly for CUG-BP or HuR
were used, and the detector settings were optimized for the
quantiﬁcation of ﬂuorescence intensity. FLIP (Fluorescence Loss in
Photobleaching) experiments were performed as described previous-
ly [19]. Brieﬂy, after 30 minutes of arsenite treatment, a 5 μm square
area within the nucleus was repeatedly photobleached by scanning
for 50 iterations at 100% of laser power, followed by a subsequent
imaging after each pulse, with 20 seconds of time interval between
each bleaching pulse.
3. Results
3.1. Monitoring the recruitment of RBPs to SGs during stress response
To investigate the recruitment of RBPs to SGs, we decided to
track the localization of CUG-BP, a multi-faceted RBP we recently
identiﬁed as a novel SG component [19]. For immunoﬂuorescence,
we decided to also stain TIA-1, a major SG marker, to monitor SG
assembly. Immunostaining was performed for the two proteins
ﬁxed at the indicated time points after exposure to arsenite (Fig.
1A). In the absence of stress, CUG-BP was predominantly nuclear,
while TIA-1 was diffusely distributed both in the nucleus and the
cytoplasm (Fig. 1A, 0 min). Strikingly, 8 minutes after exposure to
arsenite, local accumulation of CUG-BP and TIA-1 was observed
reproducibly at cell periphery (Fig. 1A, 8 min). In most cases, they
were enriched in one to three cytoplasmic domains in each cell,
while no discernible foci containing the two proteins were visible at
this moment. Subsequently, small CUG-BP- and TIA-1-positive dots
(precursors of SGs) became apparent at cell periphery (Fig. 1A,
12 min), which grew larger in size and subsequently moved
adjacent to the nucleus (Fig. 1A, 16 min and 30 min). Our
observation after the appearance of visible foci was in agreement
with previous reports, which stated that numerous small foci
gradually coalesce into larger SGs [16,17]. To address at what point
aggregation among SG components take place, we adopted in situ
detergent lysis technique, whereby HeLa cells were treated with
0.2% Triton X-100 on ice before ﬁxation. Detergent-soluble materials
should be washed out, and only signals from detergent-resistant
aggregates, constituted as a result of increased association among
SG components, would be detected upon immunostaining. As
shown in Fig. 1B, both CUG-BP and TIA-1 was readily detergent-
soluble in the cytoplasm at the beginning (Fig. 1B, 0 min and
4 min). After 8 minutes, although both proteins were still rather
detergent-soluble in the cytoplasm, their ﬂuorescence signals
Fig. 1. SG assembly monitored by time-lapse immunoﬂuorescence for CUG-BP and TIA-1. (A) HeLa cells treated with 0.5 mM arsenite were ﬁxed at the indicated time points and
immunostained using anti-CUG-BP and anti-TIA-1 antibodies. Yellow arrows indicate local accumulation, whereas white arrows indicate discrete, CUG-BP- and TIA-1-positive foci
(SGs). (B) Time-lapse immunoﬂuorescence of detergent-extracted cells. HeLa cells were treated with arsenite as in (A), and immunostained after extracted with 0.2% Triton X-100
for 1 minute on ice. Arrows indicate co-localization. Bars=10 μm.
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detergent-resistance ensuing from the local accumulation of CUG-BP
and TIA-1 (Fig. 1B, 8 min). After being incorporated into the foci,
both proteins appeared robustly insoluble (Fig. 1B, 12 min, 16 min,
and 30 min), indicating that the proteins were aggregated and
became more resistant to detergent treatment. Similar results were
obtained when time-lapse immunoﬂuorescence was performed for
TIA-1 and G3BP (Figs. 2A and B) or O-GlcNAc modiﬁed proteins
(Fig. S1). Together, these results suggest that the local accumulation
of RBPs accompanies increased inter-molecular interactions among
SG components, leading to detergent-resistant foci. Live imaging of
GFP-tagged G3BP in arsenite-treated HeLa cells (Fig. 2C) also
displayed transient accumulation of G3BP at cell periphery beforebeing incorporated into discrete foci (Fig. 2C, 8 min and 10 min),
conﬁrming the above results (see also Video S1A).
3.2. Localized accumulation of SG components coincides with the onset
of eIF2α phosphorylation
To investigate the correlation between the eIF2α phosphoryla-
tion, presumably the most upstream event in arsenite-induced SG
assembly, and the coordinate recruitment of SG components,
temporal analysis of the extent of eIF2α phosphorylation was
performed. HeLa cells were exposed to arsenic stress for the
indicated period and whole cell extracts were subjected to Western
blotting using an antibody speciﬁc to the phosphorylated form of
1731K. Fujimura et al. / Biochimica et Biophysica Acta 1793 (2009) 1728–1737eIF2α. As shown in Fig. 3A, phosphorylated eIF2α was barely
present at the onset of stress. However, after 8 minutes, a small
amount of phospho-eIF2α became detectable, which increased in a
time-dependent manner until after 30 minutes of arsenite treat-
ment. Immunoﬂuorescence using the anti-phospho-eIF2α antibody
reafﬁrmed the results in the Western blot, showing a time-
dependent increase in ﬂuorescence signals. In unstressed cells,
phospho-eIF2α was barely detected, but after 8 minutes of exposure
to arsenite, signal intensity increased in the cytoplasm (Fig. 3B,
8 min). Interestingly, phospho-eIF2α itself exhibited a biased
localization and was well co-localized with TIA-1. After 30 minutes,
phospho-eIF2α was predominantly recruited to SGs (Fig. 3B, 8 min),
in agreement with previous reports [15,18]. Taken together, theseFig. 2. SG assembly monitored by time-lapse immunoﬂuorescence for G3BP and TIA-1. (A a
except that cells were stained for G3BP and TIA-1. Yellow arrows indicate local accumulation
a HeLa cell expressing GFP-tagged G3BP upon exposure to stress. SGs were induced by arse
Yellow arrows indicate stress-induced local accumulation of G3BP, and white arrowheads
rainbow feature of the Zeiss imaging software, which shows the relative concentration of Gresults indicate that the onset of eIF2α phosphorylation coincides
with the local accumulation of SG components and that phosphor-
ylated eIF2α itself shows a biased localization before entering into
SGs.
3.3. Roles of microtubules in spatially ordered SG assembly
Previous studies showed that microtubules (MTs) were necessary
for SG formation, stating that disruption of MTs by nocodazole
resulted in failure to assemble SGs [13,14]. However, a recent study
reported that MT disruption only modestly abrogated SG assembly,
causing a randomly dispersed spatial organization of numerous small
SGs [18]. To examine how MT disruption affects SG formation, wend B) Time-lapse immunoﬂuorescence was performed as described in Figs. 1A and B,
, whereas white arrows indicate G3BP- and TIA-1-positive foci (SGs). (C) Live imaging of
nite in HeLa cells expressing GFP-tagged G3BP and imaged with a confocal microscope.
indicate discrete SGs. Below each ﬁgure is the ﬂuorescent image displayed using the
FP-tagged G3BP, where the yellow is high and the blue is low. Bar=10 μm.
Fig. 2 (continued).
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investigated the effect on SG assembly. (Nocodazole treatment alone
did not alter the subcellular distribution of poly(A) + RNA or TIA-1
(Fig. S3A)). Immunostaining with an anti-tubulin antibody in a
parallel experiment demonstrated that MTs were completely depo-
lymerized (Fig. 4A), and immunoblot analysis showed that eIF2α
phosphorylation did not take place by nocodazole treatment alone,
but was successfully induced by subsequent exposure to arsenite (Fig.
S2A). In agreement with the report by Kolobova et al. [18], SG
formation did take place but was signiﬁcantly abrogated, with
numerous dots containing SG components (TIA-1 and G3BP or TIA-1
and poly(A) + RNAs) scattered throughout the cytoplasm (Figs. 4B
and C). Time-lapse immunoﬂuorescence was performed for nocoda-
zole-treated HeLa cells to study how MT disruption affects SG
assembly. As shown in Fig. 4D, localization of TIA-1 and G3BP was
not signiﬁcantly affected in the absence of arsenite (Fig. 4D, 0 min),
and the two SG components became locally accumulated at cell
periphery 8 minutes after exposure to stress, as observed in cells with
intact MTs (Fig. 4D, 8 min). Obvious changes were observed after the
appearance of the foci; numerous smaller discrete foci containing TIA-
1 and G3BPwere randomly distributed throughout the cytoplasm, not
conﬁned to cell periphery as in untreated cells (Fig. S3, 12 min). These
dots remained dispersed in the continued presence of stress, and only
slightly increased in size (Fig. 4D, 16 min). These results suggest that
while MTs are not required for the local accumulation of SG
components and formation of foci per se, they are necessary for
mobilizing smaller SGs to generate larger, spatially ordered SGs,
which is again in agreement with reference [18] (see also Video S1B).
Meanwhile, to study if disorganized SGs could result in failure to stall
translation during stress response, de novo protein synthesis was also
analysed. HeLa cells pre-treated either with DMSO or nocodazolewere exposed to arsenite for 30 minutes and then pulse-labeled for
20 minutes with [35S] methionine. As shown in the left panel of Fig.
S2B, translation was signiﬁcantly inhibited by arsenite treatment
regardless of nocodazole treatment. Thus, perturbed SG formation did
not seem to affect stress-induced translational arrest.
3.4. Microtubules are required for efﬁcient recruitment of CUG-BP, as
well as HuR
We noticed that the ﬂuorescence signals of CUG-BP in SGs
appeared weaker in nocodazole-treated cells than in control cells
(Fig. 5A, upper row). Similar results were obtained when HuR,
another SG marker predominantly located in the nucleus, was
immunostained (Fig. 5A, lower row), while nocodazole treatment
alone did not alter the distribution of the two proteins (Fig. S3B). To
ascertain these observations, we quantiﬁed the nuclear-to-total
cellular ﬂuorescence ratio for each protein (Fig. 5B). In unstressed
cells, the ratio was 84% for CUG-BP and 92% for HuR, which dropped
to 69% and 77%, respectively, upon exposure to arsenite. Thus,
approximately 15% of the two proteins translocated from the
nucleus to the cytoplasm, and mostly to SGs given the almost
exclusive localization to SGs in the cytoplasm. However, when
preincubated with nocodazole, only approximately 5% of the
proteins translocated to the cytoplasm upon stress, even though
the percentage of nuclear-localized pool was barely affected by
nocodazole treatment alone. These results suggest that MTs are
involved in the recruitment of nuclear-localized SG components, and
speciﬁcally, in efﬁcient translocation of these proteins from the
nucleus to the cytoplasm. Furthermore, direct measurement of
ﬂuorescence intensity of CUG-BP and HuR in SGs revealed that their
accumulation in individual SGs are attenuated, suggesting that the
Fig. 3. Accumulation of SG components coincides with the onset of eIF2α
phosphorylation. (A) HeLa cells exposed to arsenite for the indicated period were
lysed and subjected to immunoblotting using anti-phospho-eIF2α and anti-β-tubulin
antibodies. (B) Time-lapse immunoﬂuorescence for phosphorylated eIF2α and TIA-1
upon arsenite treatment. Yellow arrows indicate local accumulation, whereas white
arrows indicate discrete SGs. Bar=10 μm.
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MT disruption (Fig. S4). Collectively, our data suggest that MTs are
required for the proper composition of SGs.
3.5. Efﬁcient translocation of CUG-BP to the cytoplasm takes place at
later stages of SG assembly in an MT-dependent manner
To study how MTs are engaged in SG localization of nuclear-
localized SG components, we performed time-lapse immunoﬂuores-
cence for CUG-BP, as a representative, in nocodazole-treated cells.
Consistent with the results shown in Fig. 4D, local accumulation of
CUG-BP did take place (Fig. 5C, 8 min), and subsequent incorporation
into randomly distributed SGs was observed (Fig. 5C, 12 min, 16 min).
To assess howMTs affect translocation of SGs to the cytoplasm during
stress response, quantitative analysis of ﬂuorescence signal was
performed.We found that translocation of CUG-BP occurred in a time-
dependent manner in arsenite-treated cells with intact MT network
(Fig. 5D). When pre-treated with nocodazole, translocation of CUG-BP
was stalled after 8 minutes, with nuclear-to-total ﬂuorescence ratio
remaining at 78% until after 30 minutes of arsenite treatment (Fig.
5E). These results suggest that the translocation of nuclear SG is
largely mediated by MTs, which likely takes place at later stages of SGassembly. Currently, it is unclear how stress-induced nucleocytoplas-
mic transport of this protein was affected by MT depolymerization.
FLIP (ﬂuorescence loss in photobleaching) experiments using GFP-
tagged CUG-BP did show that the ﬂuorescence loss in the cytoplasm
induced by repeated photobleaching in the nucleus is more gradual in
nocodazole-treated cells after SGs are fully assembled (Fig. S5),
indicating that the presence of intact MTs is necessary for efﬁcient
translocation from the nucleus to the cytoplasm, and possibly
shuttling, of CUG-BP during stress response.
Recently, dynein motor activity was reported to be essential for
SG assembly [14,21]. To test if recruitment of CUG-BP requires
dynein motors instead of MT network, we treated cells with EHNA
(erythro-9-3-(2-hydroxynonyl) adenine), a potent inhibitor of
dynein ATPase activity. Contrary to previous studies ([14,21]), SG
assembly remain uncompromised, with cytoplasmic translocation
(and subsequent SG localization) of CUG-BP unperturbed (Fig. 6A).
Furthermore, neither SG assembly nor recruitment of CUG-BP was
abrogated in cells overexpressing FLAG-tagged dynamitin (Fig. 6B
and Fig. S3C), which is known to interfere with dynein activity [22].
Collectively, these results indicate that dynein motor activity neither
affects SG assembly nor inhibits translocation of CUG-BP to the
cytoplasm.
Lastly, to test if MTs are required for the maintenance of SG
distribution after assembly, we treated HeLa cells sequentially with
arsenite and nocodazole. As shown in Fig. 6C, the spatial distribution,
size and number of SGs did not seem to be altered by MT disruption
once SG formation was completed. Therefore, we concluded that MTs
are required primarily during the assembly of SGs.
4. Discussion
SG assembly accompanies drastic mobilization of numerous
factors, including RNA-binding proteins, non-RNA-binding proteins
and RNAs, leading to massive compartmentalization in the cyto-
plasm. Temporal analysis of SG assembly in previous studies
demonstrated that formation of a number of small foci precedes
the appearance of large SGs, suggesting that SG assembly is a
spatially ordered process [2,17,18,23]. In this study, with time-lapse
immunoﬂuorescence and live imaging, we discovered that SG
components accumulate locally shortly after exposure to arsenic
stress (Figs. 1A and 2A and B). Concomitant with this accumulation,
aggregation among SG components begins to take place, followed by
the appearance of robustly detergent-resistant foci (Figs. 1B and 2B).
It seems likely that local accumulation of SG components leads to
the elevation of local concentrations of repressed mRNP complexes,
facilitates the inter-molecular associations between SG components
and initiates the formation of detergent-resistant foci, namely
precursors of SGs. Recently, Kaiser et al. [24] reported that increasing
the local concentration of components of Cajal bodies (CBs), a well-
characterized subnuclear body, resulted in de novo formation of CBs,
suggesting that CB assembly initiates in a self-organizing after a
threshold of local snRNP concentration is reached. SG assembly
might follow a similar process, whereby elevation of local concen-
trations of SG components, especially those of SG nucleating
proteins, spontaneously triggers the formation of SGs. Indeed, CBs
and SGs have many features in common: for both structures, their
constituents exchange dynamically with the surrounding environ-
ment, and overexpression of several, if not all, of SG components
alone induces SGs in the absence of stress [1].
We found that eIF2α was only marginally phosphorylated when
SG components begin to accumulate (Fig. 3A). Therefore, there should
be only small amount of non-canonical 48S⁎ mRNPs, essential
substrates for SG assembly, at this period. In agreement with the
immunoblot results, immunostaining with an anti-phospho-eIF2α
antibody showed far weaker staining at this time point than in cells
treated with arsenite for 30 minutes (Fig. 3B). Interestingly,
Fig. 4.Nocodazole treatment disturbs SG assembly. (A) HeLa cells were treated either with DMSO (left panel) or nocodazole (6.6 μM, 2 hours; right panel) before exposure to arsenic
stress, and immunostained with anti-tubulin antibody. Nuclei were counterstained with Hoechst 33342. (B) HeLa cells pre-treated with DMSO (upper panel,−) or with nocodazole
(lower panel, +) before exposure to arsenite were immunostained using anti-TIA-1 and anti-G3BP antibodies. (C) HeLa cells pre-treated with DMSO (upper panel) or with
nocodazole (lower panel) before exposure to arsenite were subjected to in situ hybridization combined with immunoﬂuorescence using oligo-dT50 probe and anti-TIA-1 plus anti-
tubulin antibodies. (D) Time-lapse immunoﬂuorescence of arsenite-treated cells following incubation with nocodazole. Immunostaining was performed for TIA-1 and G3BP.
Bars=10 μm.
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lating to cytoplasmic regions with other SG components. This
observation suggests that the distribution of phospho-eIF2α itself is
coupled to local accumulation of SG components, and that localized
phosphorylation of eIF2α might mediate rapid and coordinate
recruitment of SG components. Indeed, local phosphorylation of
eIF2α has been shown to occur and to regulate physiological
processes, such as local suppression of translation of transcripts for
γ-interferon [25].
Another striking ﬁnding was the roles of microtubules (MTs) in SG
assembly. While previous reports stated that disruption of MTs
resulted in failure to form SGs [13,14], we found that it only led to
structurally altered SGs, which were greater in number and smaller in
size, exhibiting disorganized spatial distribution (Figs. 4B and C). We
still cannot fully explain the discrepancies between results from
earlier studies and ours, but they might be due to the cell lines used
(in the study by Ivanov et al., COS-1 cells were used) or the SGmarkers used (in the study by Kwon et al., HDAC6 was used to
examine the effect of MT disruption on SG integrity). A recent work by
Kolovoba et al. [18] demonstrated similar effects of MT disruption. In
any case, MT integrity is evidently involved in spatial organization of
SGs, possibly mediated by the association between certain SG
components and MTs as described for RNA granules in neuronal
cells [26]. Meanwhile, dynein motor activity did not appear to be
necessary for SG formation in our experiments (Figs. 6A and B), and
MTs seem to be required speciﬁcally during SG assembly, not for the
maintenance of these structures once the assembly is completed (Fig.
6C). In addition to the proposal by Kolobova et al. that MTs mediate
the fusion of smaller SGs, which is consistent with our study (Fig. 4D),
we further observed that the recruitment of nuclear-localized SG
components is signiﬁcantly inhibited by MT disruption (Fig. 5).
Indeed, in addition to our study in which CUG-BP and HuR were used
as SG markers, it was reported that the recruitment of CCAR-1 (cell
cycle and apoptosis regulator 1), a newly found SG component whose
Fig. 5. Nocodazole treatment inhibits efﬁcient recruitment of a set of nuclear-localized SG components. (A) HeLa cells sequentially treated with nocodazole and arsenite were immunostained for TIA-1 and CUG-BP (upper panel) or TIA-1 and
HuR (lower panel). (B) The nuclear-to-total ﬂuorescence ratio was quantiﬁed for HeLa cells immunostained with anti-CUG-BP antibody (left panel) or anti-HuR antibody (right panel) after treated with 1) DMSO, 2) DMSO followed by
arsenite, 3) nocodazole and 4) nocodazole followed by arsenite. (C) Monitoring the SG recruitment of CUG-BP in nocodazole-treated cells. Time-lapse immunoﬂuorescence using anti-TIA-1 and anti-CUG-BP antibodies was performed on HeLa
cells with nocodazole treatment. Yellow arrows indicate the locally accumulated CUG-BP and TIA-1. (D and E) The nuclear-to-total ﬂuorescence ratio was quantiﬁed for HeLa cells treated with arsenite for the indicated period and
immunostained with anti-CUG-BP antibody without (D) or with nocodazole (E) treatment. Bars=10 μm. 1735
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Fig. 6. Dynein motor activity is dispensable for SG formation, and MTs are not required for the maintenance of SGs. (A) HeLa cells were treated sequentially with 50 μg/ml EHNA for
1 hour andwithout (upper row) or with arsenite (lower row). Afterwards, cells were ﬁxed and immunostained for TIA-1 and CUG-BP. Treatment with EHNA alone did not change the
distribution of the two proteins (upper row). (B) HeLa cells were transfected with a plasmid encoding FLAG tag alone (upper row) or FLAG-tagged dynamitin (lower row) and
subjected to immunoﬂuorescence for CUG-BP and TIA-1 after arsenite treatment. A plasmid encoding GFP was co-transfected to detect transfected cells. (C) HeLa cells were
sequentially treated with arsenite and nocodazole, ﬁxed and immunostained for β-tubulin and TIA-1. Bar=10 μm.
1736 K. Fujimura et al. / Biochimica et Biophysica Acta 1793 (2009) 1728–1737primary location is the nucleus, was abolished by MT disruption [18].
Together, these ﬁndings suggest that MTs are required to translocate a
set of nuclear proteins to the cytoplasm in response to stress.
Considering that SG formation is mostly a cytoplasmic process, our
data indicate that MTs might coordinate nuclear and cytoplasmic
events during stress response. Collectively, MTs appear to be required
for 1) the enlargement and organized spatial distribution of SGs and
2) the recruitment of several SG components localized in the nucleus,
as well as some located in the cytoplasm, such as AKAP350A, as
reported in Kolovoba et al. [18]. Meanwhile, we found that siRNA-
mediated knockdown of either CUG-BP or HuR (or both) had a major
impact on SG assembly (Fig. S6). The size of TIA-1-labeled SGs became
considerably smaller, and unlike in nocodazole-treated cells, neither
drastic increase in the number of SGs nor their disorganized
distribution was observed. Since the pattern induced by depletion of
CUG-BP or HuR did not resemble that of nocodazole treatment, it did
not seem likely that the impact of MT depolymerization on SG
formation was caused simply by the lack of CUG-BP and HuR in SGs.
However, it should be noted that depletion of known proteins that
localize to SGs in an MT-dependent manner often interferes with SG
formation (HDAC6, as reported in Kwon et al. [14]; AKAP350A and
CCAR-1, as reported in Kolovoba et al. [18]). It may be that failure to
recruit multiple factors that are targeted to SGs in MT-dependent
fashion at least partially accounts for the observed effects ofnocodazole, especially on granule size. Since stress-induced inhibition
of protein synthesis was not perturbed by MT disruption (Fig. S2), the
size or the spatial organization of SGs did not seem to play a role in the
translational arrest. Currently, the signiﬁcance of the enlargement and
ordered distribution of SGs is not clear, but MT-dependent recruit-
ment of certain SG components strongly suggests that the involve-
ment of MTs is essential for the functionality of SGs to determine the
fate of mRNAs associated with those factors.
In summary, we found that SG assembly is a two-step process, one
involving MTs and the other not. Immediately upon eIF2α phosphor-
ylation, RBPs that are targeted to SG accumulate locally, possibly
associating with the amassed 48S⁎ mRNPs. This leads to increased
inter-molecular interactions among SG components and formation of
detergent-resistant foci, namely SG precursors. Subsequently, MTs
mediate the ordered spatial distribution of SGs, as well as efﬁcient
recruitment of a set of nuclear-localized RBPs, making SGs fully
functional as mRNA triage sites.
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